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(54) Method and system for evaluating orientation of molecular array 



(57) A method and system for evaluating an orien- 
tation of a molecular array having features arranged in 
a pattern obtain an image of the molecular array by 
scanning the molecular array to determine data signals 
emanating from discrete positions on a surface of the 
molecular array. An actual result of a function on pixels 
of the image which pixels lie in a second pattern, is cal- 
culated. This actual result is compared with an expected 
result which would be obtained if the second pattern had 
a predetermined orientation on the array. Array orienta- 
tion can then be evaluated based on the result. 
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D scription 

[0001 ] The present invention relates to th valuation of the orientation of a molecular array, for example for process- 
ing a scanned image of a molecular array In order to Index the regions of th Imag that correspond to features of th 
5 molecular array and to xtract data from indexed positions within the scanned image that correspond to optical or 
radiometric signals emanating from featur s of th molecular array. 

[0002] Molecular arrays are widely used and increasingly important tools for rapid hybridization analysis of sample 
solutions against hundreds or thousands of precisely ordered and positioned features containing different types of 
molecules within the molecular arrays. Molecular arrays are normally prepared by synthesizing or attaching a large 

10 number of molecular species to a chemically prepared substrate such as silicone, glass, or plastic. Each feature, or 
element, within the molecular array Is defined to be a small, regularly-shaped region on the surface of the substrate. 
The features are arranged in a regular pattern. Each feature within the molecular array may contain a different molecular 
species, and the molecular species within a given feature may differ from the molecular species within the remaining 
features of the molecular array. In one type of hybridization experiment, a sample solution containing radioactively, 

15 fluorescently, or chemoluminescentty labeled molecules is applied to the surface of the molecular array. Certain of the 
labeled molecules in the sample solution may specifically bind to, or hybridize with, one or more of the different mo- 
lecular species that together comprise the molecular array. Following hybridization, the sample solution is removed by 
washing the surface of the molecular array with a buffer solution, and the molecular array is then analyzed by radiometric 
or optical methods to determine to which specific features of the molecular array the labeled molecules are bound. 

20 Thus, in a single experiment, a solution of labeled molecules can be screened for binding to hundreds or thousands 
of different molecular species that together comprise the molecular array. Molecular arrays commonly contain oligo- 
nucleotides or complementary deoxyribonucleic acid ("cDNA") molecules to which labeled deoxyribonucleic acid 
fDNA") and ribonucleic acid ("RNA") molecules bind via sequence-specific hybridization. 

[0003] Generally, radiometric or optical analysis of the molecular array produces a scanned image consisting of a 

25 two-dimensional matrix, or grid, of pixels, each pixel having one or more intensity values corresponding to one or more 
signals. Scanned images are commonly produced electronically by optical or radiometric scanners and the resulting 
two-dimensional matrix of pixels is stored in computer memory or on a non-volatile storage device. Alternatively, analog 
methods of analysis, such as photography, can be used to produce continuous images of a molecular array that can 
be then digitized by a scanning device and stored in computer memory or in a computer storage device. 

30 [0004] Figure 1 shows a generalized representation of a molecular array. Disk-shaped features of the molecular 
array, such as feature 101 , are arranged on the surface of the molecular array in rows and columns that together 
comprise a two-dimensional matrix, or grid. Features in alternative types of molecular arrays may be arranged to cover 
the surface of the molecular array at higher densities, as, for example, by offsetting the features in adjacent rows to 
produce a more closely packed arrangement of features. Radiometric or optical analysis of a molecular array, following 

35 a hybridization experiment, results in a two-dimensional matrix, or grid, of pixels. Figure 2 illustrates the two-dimensional 
grid of pixels in a square area of a scanned image encompassing feature 101 of Figure 1. In Figure 2, pixels have 
intensity values ranging from 0 to 9. Intensity values of all non-zero pixels are shown in Figure 2 as single digits within 
the pixel. The non-zero pixels of this scanned image representing feature 1 01 of Figure 1 inhabit a roughly disk-shaped 
region corresponding to the shape of the feature. The pixels in a region surrounding a feature generally have low or 0 

40 intensity values due to an absence of bound signal-producing radioactive, fluorescent, or chemoluminescent label 
molecules. However, background signals, such as the background signal represented by non-zero pixel 202, may arise 
from non-specific binding of labeled molecules due to imprecision in preparation of molecular arrays and/or imprecision 
in the hybridization and washing of molecular arrays, and may also arise from imprecision in optical or radiometric 
scanning and various other sources of error that may depend on the type of analysis used to produce the scanned 

45 image. Additional background signal may be attributed to contaminants in the surface of the molecular array or in the 
sample solutions to which the molecular array is exposed. In addition, pixels within the disk-shaped image of a feature, 
such as pixel 204, may have 0 values or may have intensity values outside the range of expected intensity values for 
a feature. Thus, scanned images of molecular array features may often show noise and variation and may depart 
significantly from the idealized scanned image shown in Figure 1 . 

so [0005] Figure 3 illustrates indexing of a scanned image produced from a molecular array. A set of imaginary horizontal 
and vertical grid lines, such as horizontal grid line 301 , are arranged so that the intersections of vertical and horizontal 
grid lines correspond with the centers of features. The imaginary grid lines establishes a two-dimensional index grid 
for indexing the features. Thus, for example, feature 302 can be specified by the indices (0,0). For alternative arrange- 
ments of features, such as the more closely packed arrangements mentioned above, a slightly more complicated 

55 indexing system may be used. For example, feature locations in odd-indexed rows having a particular column index 
may be understood to be physically offset horizontally from feature locations having the same column index in even- 
indexed rows. Such horizontal offsets occur, for example, in hexagonal, closest-packed arrays off atures. 
[0006] In order to interpret the scanned Imag resulting from optical or radiom trie analysis of a molecular array, th 
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scanned image needs to b processed to: (1) index the positions of features within th scanned imag ; (2) xtractdata 
from the features and det rmine th magnitudes of background signals; (3) compute, for each signal, background 
subtracted magnitudes for achf atur ; (4) normalize signals produc d from different types of analysis, as, for xample, 
dye normalization of optical scans conducted at different light wavelengths to normalize different r sponse curves 

5 produced by chromophores at different wavelengths; and (5) determine the ratios of background-subtract d and nor- 
malized signals for each featur whil also determining a statistical measure of the variability of th ratios or confidence 
intervals related to the distribution of the signal ratios about a mean signal ratio value. These various steps in the 
processing of scanned images produced as a result of optical or radiometric analysis of molecular arrays together 
comprise an overall process called feature extraction. 

10 [0007] The present invention seeks to provide improved analysis of a molecular array. 

[0008] According to an aspect of the present invention, there is provided a method of automated extraction of data 
as specified in claim 1 . 

[0009] According to another aspect of the present invention, there is provided a system for automated extraction of 
data as specified in claim 14. 

is [0010] The preferred embodiment can provide automated feature extraction which can produce enormous savings 
in the time and cost of using molecular arrays for chemical and biological analysis. It can also eliminate inconsistencies 
caused by user error and can greatly increase the reproducibility and objectivity of feature extraction. 
[0011] In the preferred embodiment there is provided a method of evaluating an actual orientation of a molecular 
array having features which may be arranged in a pattern (for example, on a rectilinear grid). In this method, one or 
20 more images of the molecular array are obtained. Such images may be produced by scanning the molecular array to 
determine data signals emanating from discrete positions on a surface of the molecular array, or by other means. An 
actual result of a function is calculated on positions (for example, pixels) of an image, which positions lie in a second 
pattern (for example, along one or more paths such as along the expected positions of array features). This actual 
result is compared with an expected result which would be obtained if the second pattern had a predetermined orien- 
25 tation on the array (for example, superimposed over at least part of the array). An actual array orientation may be 
evaluated based upon the results of the comparison. For example, if there is more than a predetermined difference (a 
"tolerance") between the actual and expected results, this could be taken as an indication that the array does not have 
the expected orientation in a scanner. Before trying to interpret the image data further, the orientation of the second 
pattern on the array can be altered and the comparison step repeated, and these comparison and second pattern re- 
st? orientation steps repeated in further iterations as often as necessary until the actual and expected results are within 
the predetermined difference (at which point the actual and expected orientations should be the same, within the 
predetermined tolerance ). The greater the points on the second pattern, the greater the accuracy of the orientation 
information that can generally be obtained from the comparison. 

[0012] In a particular implementation where the features of the molecular array are arranged on a rectilinear grid, 

35 the second pattern may be a rectilinear grid of rows and columns which would lie on the rows and columns of the 
rectilinear grid of the array when the second pattern and array are superimposed. In this case then, the calculation 
may be a function executed along the rows and columns of the second pattern (for example, to obtain row and column 
vectors). The actual result may be compared to the expected result quantitatively or only qualitatively. For example, in 
the case of row and column vectors the comparison may be a comparison of the actual vector shapes with the expected 

40 vector shapes if the second pattern had the predetermined orientation on the array (the predetermined orientation, for 
example, rows and columns of the second pattern being aligned over rows and columns of features). 
[0013] Typically, the orientation referenced is a rotational orientation (that is a rotational orientation about an axis 
normal to the array) although the orientation could be one or more positions in space (for example, sideways or up 
and down displacement). In any aspect of the method, the calculating and comparing steps may optionally be repeated 

45 by changing the orientation of the pattern on the image until a match (either exactly or within a predetermined tolerance) 
between the actual and expected results is obtained. The difference between the orientation of the second pattern on 
the image and the predetermined orientation on the array when the match is obtained, may be used in the evaluation 
step as a measure of the orientation of the array. Alternatively (or even additionally), a given actual result may be 
compared with different expected results based on different predetermined orientations of the second pattern on the 

so array, until the match is obtained. Information on the orientation of the array can then be used in the extraction of data 
from the array. 

[0014] One embodiment provides a method and system for automated feature extraction from scanned images pro- 
duced by optical, radiometric, or other types of analysis of molecular arrays. First, horizontal and vertical projections 
of pixel values, called row and column vectors, are computationally produced from the scanned image. The row and 
55 column vectors are analyzed to determine the positions of peaks, and the positions of the first and last peaks in the 
row and column vectors are used to estimat the positions of the comer f atur s within th scanned image. Typically, 
bright control featur s,i. .featur s designed to hybridize to labeled sampl molecules of any samp I solution to which 
a molecular array is exposed, are plac d on the bond r of th molecular array to facilitate this process. When nec ssary, 
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row and column v ctors can be calculated ov r a range of rotations of a two-dimensional, orthogonal coordinate system 
In order to select the most favorable rotation angl at which to fix th coordinat syst m. Analysis of r gions of the 
scanned image repr senting the corn r features can b used to more xactly locate the positions of the comer f atures. 
Then, using the established positions of th corner features, an initial coordinate system is computationally established 

3 for the scanned Image. Using th Initial coordinate system, the centroids of features producing strong signals or, In 
other words, pixels having high signal-to-noise ratios and located close to expected positions in the scanned image, 
are determined, and a regression analysis is used to refine the coordinate system to best correspond to the determined 
positions of the strong features. The refined coordinate system is employed to locate the positions of weak features 
and the positions of the background regions local to each feature. Next, a process is used to analyze various different 

10 signals generated by different analytical methods In order to select the most reliable portions of each feature and the 
local background surrounding the feature for subsequent signal extraction and signal variability determinations. For 
example, the fluorescence of hybridized labeled molecules may be measured at green light wavelengths and at red 
light wavelengths, with the intensities produced at each position of the surface of the molecular array at red and green 
wavelengths corresponding to two different signals. Finally, signal data and variability of signal data are extracted from 

is the reliable regions of each feature and each local background region of the scanned image. 

[0015] It will also be appreciated throughout the present application that where steps are referenced as being im- 
plemented by a computer program, any such steps can also be implemented by hardware or hardware/software com- 
binations which can perform the steps. Also, an "image" in relation to an array is a term which Includes data on the 
position of the features regardless of how such data was obtained (for example, by scanning with a laser beam, or by 

20 some other means). Furthermore, wherever a function is referenced, this can for example be a summation. Likewise, 
wherever summation is referenced, other suitable functions might be used than a simple summation. For example, a 
weighted summation could be used at those locations on the second pattern which will be superimposed on reference 
marks or features with expected stronger signals (such as control features) relative to other features, when the second 
pattern and array are superimposed. When reference marks are present, it will be appreciated that they can be detected 

25 and an orientation of the array (such as rotational orientation) can be evaluated based on the detected positions of the 
reference marks. For example, an approximate indication of array orientation can be based on the detected positions 
of the reference marks followed by further evaluating a refined array orientation using the above described comparison 
and re-orientation procedure, such that fewer iterations of the comparison and second pattern re-orientation procedure 
may be required. 

30 [0016] An embodiment of the present invention is described below, by way of example only, with reference to the 
accompanying drawings, in which: 

Figure 1 shows a generalized representation of a molecular array. 
Figure 2 illustrates a two-dimensional grid of pixels in a square area of a scanned image. 
35 Figure 3 illustrates indexing of a scanned image produced from a molecular array. 

Figure 4 illustrates an initial step in the determination of the positions of corner features of a scanned image of a 
molecular array. 

Figure 5 illustrates a numerical calculation of a portion of the column vector corresponding to a single feature. 
Figure 6A shows the initial column vector computed from a pixel grid. 
40 Figure 6B shows the column vector of Figure 6A following smoothing. 

Figure 7 graphically illustrates the initial column vector of Figure 6A. 
Figure 8 graphically illustrates the smoothed column vector of Figure 6B. 

Figure 9 illustrates a Gaussian filter applied to an initial column vector to produce a smoothed column vector. 
Figures 10-12 illustrate the effects of rotation of a feature coordinate grid with respect to a pixel grid. 
Figure 13 illustrates a computational technique for rotating a feature coordinate grid with respect to a pixel grid so 
that the two grids are aligned. 

Figure 14 illustrates one technique for determining corner feature positions in pixel coordinates. 
Figure 15 illustrates a corner feature estimation technique more suitable for densely-packed molecular arrays. 
Figures 16-17 illustrate one method for threshold determination for blob analysis. 
Figures 1 8 and 1 9 illustrate a second technique for choosing a threshold for blob analysis. 
Figure 20 illustrates the centroid pixel of the largest blob shown in Figure 1 9. 

Figure 21 illustrates an initial feature coordinate grid overlaying the scanned image of a molecular array. 
Figure 22 illustrates a linear regression analysis used in one embodiment of the present invention. 
Figure 23A shows a small 9x12 molecular array. 

Figure 23B shows a strong matrix corresponding to the 9 x 12 molecular array of Figure 23A. 
Figure 24 shows a pseudo-inverse strong matrix calculated from the strong matrix shown in Figur 23B. 
Figure 25 shows a centroid matrix that includes the coordinates of th centroids of the strong features of the 9 x 
12 matrix shown in Figure 23A. 



45 



50 



55 



4 



EP1 162 572 A2 

Figure 26 shows a co fficient matrix calculated by multiplying the transpose of the pseudo-invers matrix (Figur 
24) by the centrold matrix (Figur 25). 

Figur s 27A-B show th fit positions matrix calculat d by multiplying th transpose of a featur indie s matrix by 

the coefficient matrix shown in Figur 26. 
5 Figur 28 Illustrates a technique for outlier rejection. 

Figure 29 shows the green signal intensity values for a featur . 

Figure 30 shows the red intensity values for a feature. 

Figure 31 illustrates a number of local backgrounds. 

Figure 32 illustrates a minimum feature. 
10 Figure 33 is a flow-control diagram for the routine "refine feature coordinates." 

Figure 34 is a flow-control diagram of the routine "prepare binmap." 

Figure 35 is a flow-control diagram for the routine "find equivalences." 

Figure 36 is a flow-control diagram for the routine "set equivalence." 

Figure 37 is a flow-control diagram for the routine "find blob." 
15 Figure 38 is a flow-control diagram for the routine "set feature coordinates." 

Figure 39 is the flow-control diagram of the routine "establish orientation" that determines a correct orientation for 

an initial indexing grid, as discussed above with reference to 4-13. 

Figure 40 is a flow-control diagram for the routine "establish comers." 
. Figure 41 is a flow-control diagram for the routine "establish grid." 

20 

[0017] When one item is indicated as being "remote" from another, this is referenced that the two items are at least 
in different buildings, and may be at least one mile, ten miles, or at least one hundred miles apart. "Communicating" 
information references transmitting the data representing that information over a suitable communication channel (for 
example, a private or public network). "Forwarding" an item refers to any means of getting that item from one location 

25 to the next, whether by physically transporting that item and includes, at least in the case of data, physically transporting 
a medium carrying the data or communicating the data. An array "package" may be the array plus only a substrate on 
which the array is deposited, although the package may include other features (such as a housing with a chamber). A 
" set" or a " sub-set" may have one or more members (for example, one or more features). Reference to a singular 
item, includes the possibility that there are plural of the same items present. 

30 [001 8] The described embodiment is directed towards automated feature extraction from scanned images of molec- 
ular arrays. Automated feature extraction includes: (1) a determination of the approximate positions of the features, 
for example by determining the positions of corner features within the scanned image; (2) generation of an initial co- 
ordinate system for the scanned Image, for example, by using the positions of corner features, or by alternative means, 
including using mechanically precise positioning of features on the molecular array and of the molecular on the detection 

35 device and by using fiducial reference marks incorporated in the molecular array and detected independently, but in 
spatial alignment with detection of chemical features, and refinement of the initial coordinate system to produce a 
refined coordinate system; (3) determination of reliable regions of the scanned image from which to extract signal data; 
(4) and extraction of signal data from the features and local background regions of the scanned image of the molecular 
array. Each of these four components of automated feature extraction will be first discussed in four subsections, below, 

40 using illustrated examples and mathematical expressions. Following the first four subsections, an illustrative imple- 
mentation of an automated feature extraction system is provided in a fifth subsection. Although the above-listed four 
components are described in terms of a combined, comprehensive feature-extraction implementation, each component 
may also be applied separately to discrete data extraction and processing problems. 

[0019] it should be noted that the term "signal" is employed in the following discussion to indicate the data collected 
45 from features of a molecular array by a particular type of analysis. For example, if molecules binding to features are 
labeled with chromophores, and optical scans at red and green wavelengths of light are used to extract data from the 
molecular array, then the data collected during the optical scan at the green wavelength may be considered to be the 
green signal and data collected during the optical scan at the red wavelength may be considered to be the red signal. 
Signals of additional colors may be collected using additional dye sets. The practical limit to the number of types of 
50 signals, or colors, that may be collected is the number of emission spectra that can be independently observed. Using 
existing technologies, as many as twelve emission spectra may be independently observed. By using combinations of 
narrow band dyes, such as quantum dots, greater than twelve emission spectra may possibly be independently ob- 
served. Another type of signal may be collected by radiometric analysis of the molecular array for localized emission 
of one type of radiation with minimum energy levels for detection. 
55 [0020] The term "signal" is also used to refer to data extracted from a particular feature using a particular type of 
analysis. It will be clear, from the context in which th term "signal" is used, below, wheth r "signal" refers to a cumulativ 
set of data collected from a molecular array via a particular typ of analysis orto data collected from a particular feature 
of a molecular array via a particular type of analysis. ' 
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Lo ati nofth Positions of Corn r Featur s 

[0021] Figure 4 illustrat s an initial step in the d termination of th positions of corner features of a scanned image 
of a molecular array. The scanned image of the molecular array 402 is represented in Figur 4 as a grid of pixels, with 
the higher-intensity pixels corresponding to features illustrated as dark circles, such as the disk-shaped group of pixels 
404 corresponding to a corner feature. The int nsity values of the pix Isar projected horizontally to form a row vector 
406 and are projected vertically to produce a column vector 408. The row vector 406 is illustrated as a two-dimensional 
graph, where the total projected intensity value is plotted in the vertical direction 409 and the position of each row of 
pixels is plotted in the horizontal direction 41 0. Projection of the Intensity values of the pixels along the rows produces 
a wave-like graph 412, in which the peaks correspond to rows of pixels that include the centers of features and the 
troughs correspond to rows of pixels between features. Summing the Intensity values of pixels along columns analo- 
gously produces the column vector 408. 

[0022] Figure 5 illustrates a numerical calculation of a portion of the column vector corresponding to a single feature. 
A column vector is calculated for all features, as described in the above paragraph, and contains a number of peaks. 
However, for the sake of simplicity of Illustration, Figure 5 shows pixel intensity values for a single feature, and the 
method of column vector calculation will therefore produce a single peak corresponding to the single feature. Figure 
5 shows a grid of pixels 502 representing a square region of a scanned image encompassing a single feature. The 
intensity values of all the pixels in each column of the grid of pixels 502 are summed, and the sums are entered into 
the linear array 504. For example, column 506 includes four non-zero pixels having intensity values of: 1 ,1 ,2, and 1 . 
Thus, summing all of the intensity values of the pixels in column 506 produces the sum 5 (508 in Figure 5) in the third 
element of array 504 corresponding to column 506. Note that, in Figure 5 and in all subsequent pixel illustrations, 0 
intensity values are not explicitly shown, and pixels having intensity value of w 0" are shown as blank, or unfilled, squares, 
such as pixel 510. Note also that other operations such as averaging may be performed as an alternative to summing 
of rows and columns of pixels to create the row and column vectors. 

[0023] Next, the row and column vectors (406 and 408 in Figure 4) may be computationally smoothed, for example, 
by applying a Gaussian filter. The smoothing process is illustrated in Figures 6-9 using the example of Figure 5. As 
with Figure 5, Figures 6-9 use a single-peak column vector calculated from a single feature for the sake of simplicity 
of illustration. In general, the smoothing process is applied to multi-peak row and column vectors, such as those illus- 
trated in Figure 4. Figure 6A shows the initial column vector computed from the pixel grid of Figure 5, with the column 
positions shown as the left-hand column of Figure 6A 602 and the sum of the intensities of the pixels in each column 
shown in column 604. Thus, for example, it can be seen in Figure 6A that the sum of the intensity values of the pixels 
in column 14 (606 in Figure 6) is 169 (608 in Figure 6). Figure 6B shows the column vector of Figure 6A following 
smoothing. Figure 7 graphically illustrates the initial column vector of Figure 6A, and Figure 8 graphically illustrates 
the smoothed column vector of Figure 6B. In Figures 7 and 8, the vertical axes (702 and 802 in Figures 7 and 8, 
respectively) represent the sum of pixel intensities in a column, and the horizontal axes (704 and 804 in Figure 7 and 
8, respectively) represent the position of the columns measured in units of pixels. Comparing Figure 7 to Figure 8, it 
can be observed that the smoothing process eliminates or smoothes the occasional sharp peaks, such as peaks 
706-711 in Figure 7. 

[0024] Figure 9 illustrates a Gaussian filter applied to an initial column vector to produce a smoothed column vector. 
The Gaussian filter is a discrete function with values for a range of pixel positions within a column or row vector. The 
value for the sum of pixel intensities at pixel position 0 (902 in Figure 9) is 0.5 and the value of the Gaussian filter 
function for pixel positions 1 and -1 (904 and 906 in Figure 9, respectively) are both 0.25. This Gaussian filter is con- 
volved with an initial column vector or an initial row vector to produce a smooth column vector or smooth row vector, 
respectively. The convolution operation for discrete functions involves overlaying the central position of the Gaussian 
filter at each position, or value, in a row or column vector and calculating the smoothed row or column vector value for 
that position by multiplying the Gaussian filter function with the row or column vector, respectively. Thus, for example, 
the value 4.75 (61 0 in Figure 6B) corresponding to column position 2 (612 in Figure 6B) is generated by centering the 
Gaussian filter of Figure 9 over the value representing the sum of intensities for column 2 (508 in Figure 5) of the initial 
column vector (504 in Figure 5) and multiplying the resulting Gaussian filter function and the initial column vector. 
Because the Gaussian filter is 0 for all pixel locations other than -1 , 0, and 1 , multiplication of a Gaussian filter centered 
on element 508 of the column vector of Figure 5 produces the following result: 0.5 * 5 + 0.25 * 9 = 4.75. Many other 
smoothing filter techniques may be employed, including the median filter technique, to be discussed below. 
[0025] In certain cases, there may be slight rotational discrepancies between the orientation of the rectilinear grid of 
pixels and the orientation of the rectilinear coordinate grid that describes and indexes the centers of features within 
the scanned image. Such discrepancies may arise when the rows and columns of features of the molecular array are 
rotated with respect to the horizontal and vertical axes of th scanning devic . Figures 1 0-12 illustrat th ffects of 
rotation of the feature coordinate grid with r spect to th pixel grid. In Figur 1 0A, the pixel grid and th feature coor- 
dinate grid are both aligned, producing a column vector shown in Figure 1 0B with sharp and distinct p aks and troughs. 
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In Figure 11 A, the pixel grid is rotated slightly counterclockwise with respect to the featur grid, producing a column 
vector, shown In Figure 11B, with relativ ly shallow peaks and troughs, since r latively high-intensity pixels occur in 
each column of pixels. In Figure 12A, th pix I grid is rotat d slightly clockwise with r spect to the feature coordinate 
grid, producing a column vector, shown in Figure 12C, with shallow peaks and troughs. Thus, to correctly orient the 
feature coordinate grid with r spect to the pixel grid, row and column vectors can be calculated for a range of rotations 
of th feature grid with respect to the pix I grid, and th rotation producing the column and row vectors having th most 
distinct peaks and troughs can be determined to be the correct orientation of the feature coordinate grid with respect 
to the pixel grid. This technique need be employed only when the rotational discrepancy, for a rectilinear array, is 
greater than G calculated as follows: sin 6 



where: 

S = spacing of features in the x direction 

L = length of the molecular array in the y direction 

[0026] Figure 1 3 illustrates a computational technique for rotating the feature coordinate grid with respect to the pixel 
grid. Using the rotation angle determined by the method described in Figure 10-12, represented in Figure 13 by the 
symbol n 8," the positions within the scanned image can be determined with reference to a rotated pixel grid by multiplying 
the original coordinates of each point by a rotational matrix to generate new, transformed coordinates for the rotated 
pixel grid according to the following matrix equation: 



[0027] However, there may be areas within the new coordinate space, such as area 1302, that do not correspond 
to physical regions within the scanned image, and conversely, there may be regions in the original scanned image, 
such as region 1304, which lie outside the new, rotated pixel coordinate system. If the angle of rotation is small, the 
amount of nonoverlapping regions, such as regions 1302 and 1304, may be relatively insignificant, and may be com- 
putationally accounted for by simply decreasing the dimensions, in pixels, of the rotated coordinate system. 
[0028] In non-rectilinear feature arrangements, similar techniques can be applied to orient an indexing scheme with 
respect to scanned images of the surface of a molecular array. For example, if the features are arranged in circles of 
increasing radii from a central point, then radial vectors may be calculated at various angles about a located central 
feature. In general, an orientation providing summed intensity profiles that most closely corresponds to idealized in- 
tensity profiles may be chosen for an appropriate indexing scheme. 

[0029] To facilitate corner feature position estimation, the corner features of molecular arrays may be manufactured 
to contain a control substance that produces a strong signal, referred to as a "positive control," as well as another 
control substance that produces a weak signal near background level, referred to as "a negative control." The appro- 
priate placement of positive and negative controls in the corners provide "soft fiducials". Placement information for soft 
fiducials is stored in a design file. Each molecular array may be associated with a design file that can be accessed 
electronically and that annotates the probe type and probe sequences for each feature position on the array. 
[0030] An alternative method of determining corners of an array uses the design file associated with a molecular 
array in order to choose a sub-section of the array on which to perform comer analysis. For example, a small subsection 
in the upper left corner of a molecular array may be selected by querying the design file to find a region with a desired 
number of positive controls and a desired number of negative controls. This process may then be repeated for the 
lower right corner A mask may then be made with these two sub-sections held in the correct distance from one another, 
in accordance with information stored in the design file. Convolutions can then be performed in all directions, including 
horizontal, vertical, diagonal, and rotational directions, using an algorithm such as a minimizing least squares algorithm 
in order to find the area of the scan which best matches this mask. This method may be faster than the algorithms 
discussed above, since the above discussed algorithms perform calculations on the entire array. In addition, this method 
may be more robust with regard to large signal spikes in the background regions and other signal artifacts on the 
molecular array. If an area of very high background or other array artifact w re pr sent in the initial mask, an acceptabl 
solution may not be produced by th previously discussed algorithms. Th current algorithm detects the goodness of 
fit and, if necessary, iterate. For instance, Increasingly large sub-sections may be iteratively chosen for processing until 
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an acc ptabl solution wer found. 

[0031] One th pix I grid and feature coordinate grid ar aligned, the positions of the corner pixels can be estimated 
fromth smooth d column and row vectors. Figure 1 4 illustrates on technique for determining corn rf atu re positions 
In pixel coordinates. Assuming that the vector In Figure 14 is a column vector, then th xcoordinate 1402 of the left- 

s hand comer featur s can b estimat d from the position of th first peak in the column vector, and the x coordinate, 
in pix Is, of the right-hand comer f atur s 1404 can b stimated from th position of the last p ak in th column 
vector. The y coordinates of corner features may be similarly determined from the smoothed row vector. 
[0032] Peak finding is performed using statistics gathered from the smoothed row and column vectors. The first rising 
and falling edge is used to find the first peak while the last rising and falling edge is used to find the last peak. In order 

io to locate these edges, an appropriate threshold is used. This threshold can be set using statistics of the smoothed row 
and column vectors such as the median, i.e. fifty percentile, or another percentile and some multiple of the standard 
deviation. For example, for relatively low density arrays in which the total area of the features is less than the total area 
of the background, the median is a good approximation of the valleys between the peaks. An appropriate threshold in 
this case would be the sum of the median and one standard deviation. For higher density arrays in which the ratio of 

13 the total area of the features to the total area of the background increases, the 30 th percentile may be a more appropriate 
estimation of the valleys. 

[0033] Additional image processing techniques may be employed to circumvent various problems in finding the comer 
features. For example, abnormally bright or dim areas introduced in the scan due to chemical, biological, or electrical 
anomalies may distort the corner finding process. These bright or dim areas may be large or small, thus creating hard- 

20 to-predict problems for the corner finding algorithm. To alleviate the impact of small area anomalies, a median filter 
can be used on the row and column vectors with a kernel sized large enough to eliminate significantly sized spikes, 
but small enough to allow peaks corresponding to features to remain. To alleviate the impact of large area anomalies, 
boxplot analysis or similar statistical analysis can be used to set abnormally high or low values to a reasonable number. 
For example, using the bloxplot method, the limits of the whiskers of the bloxplot can be used to constrain the values 

2s of data points of smoothed row and column vectors between a maximum and minimum value. Statistics for peak finding 
can then be recalculated based on the constrained-value data points. 

[0034] Furthermore, information about the design of the array can be incorporated into the corner finding step. In- 
formation such as the number of rows and columns of features, the expected feature size, and the distances between 
features can be used to make the corner finding algorithms more robust. Peak finding algorithms can be iterated, each 
30 time changing the threshold value until the corners found meet the design specifications. Additionally, the peak finding 
algorithm can be made more exhaustive to find various numbers of peaks and to find combinations compatible with 
the design information. 

[0035] The technique illustrated in Figure 14 is especially suitable for printed molecular arrays, in which features are 
relatively well spaced apart within the molecular array, as shown in Figure 1 . In other types of molecular arrays, the 

35 features may be much more densely packed. In densely packed arrays having disk-shaped features, with features 
packed together in a two-dimensional version of the familiar closest packing lattice in which oranges are stacked in 
display counters, each internal feature may touch, or nearly touch, six nearest-neighbor features. For such densely- 
packed molecular arrays, column and row vectors may be calculated as described above, although the angle between 
the directions along which pixel intensity values are summed may be different than the 90° angle in the rectilinear case. 

40 For example, angles of 30°, 60°, 120°, etc. may be used for hexagonal closest-packed arrays. 

[0036] Figure 1 5 illustrates a comer feature estimation technique more suitable for densely-packed molecular arrays 
for which row and column vectors have broader, less distinct peaks and valleys. In Figure 1 5, the row vector has broader 
and less distinct peaks than the row vector illustrated in Figure 1 4. In this case, the x coordinates of corner features 
can be estimated by detecting the first rising edge 1502 and last falling edge 1504 of the column vector, and then 

45 estimating the positions of the centers of the comer features as the mid points 1 506-1 507 of the known feature sizes 
1 508 and 1 51 0 extending to the right from the first rising edge and to the left from the last falling edge. The ycoordinates 
of comer features can be similarly determined from a smoothed row vector 

[0037] Once the xand / coordinates, in units of pixels, of the positions of the comer features are estimated from row 
and column vectors, as illustrated above, regions of a scanned image corresponding to the corner features can be 

so further analyzed to refine the estimated positions of the comer features. One technique for refining the positions of 
features is called "blob analysis." Blob analysis comprises the analysis of pixels within a region of interest encompassing 
the estimated position of a feature in order to first determine a threshold pixel intensity value and to then create a binary 
image in which all pixels having pixel intensity values greater than the threshold value are assigned the value "1 , M and 
all pixels having pixel intensity values in the region of interest less than the threshold value are assigned the value "0." 

55 The coordinates of the centroid of the connected collection of pixels closest to the center of the region of interest in 
the binary image is then taken to be th r fined pixel coordinates corresponding to th center of the feature. 
[0038] Figures 16-17 illustrate one m thod for threshold determination used in blob analysis. Figur 16 illustrates an 
inner region of int rest. In Figure 1 6, a square area of the scanned image c nt r d at th stimated position of a feature 
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is shown. An II jptical area 1 602 having a minimum size that totally encompasses the feature is centered within the area 
of the scanned image of the feature shown in Figur 16. This elliptical ar a is called an "inner region of interest." A 
threshold for the inner r gion of interest is determined by creating a histogram of th various pixel int nsity values 
occurring within the Inner region of Interest. Figure 1 7 shows a histogram of pixel intensity valu s within the Inn r region 
of interest illustrated in Figure 1 6. A threshold pixel intensity value is det rmlned from the histogram by proceeding from 
the right-most column of the histogram 1 702 towards th left-most column of the histogram 1 704 until a thr shold point 
in the distribution of pixels is reached. In the illustrated embodiment, the threshold point is predetermined to be the 33 rd 
percentile point. The threshold point may be optimized according to characteristics of the features and the arrays being 
analyzed, including size, detected noise levels, and measured positioning errors. The pixel intensity value at that point 
on the x-axIs of the histogram is then taken to be the threshold value. In the case of the inner region of interest shown 
in Figure 1 6, pixel intensity values range from 0 to 9, and so the histogram of Figure 1 7 has ten vertical columns repre- 
senting pixel intensity values 0 to 9. The number of pixels with a given intensity value is represented by the height of 
the corresponding column. The point on the x-axis 1 704 of the histogram in Figure 1 7 at which 2/3 of the pixels occur 
to the right and 1/3 of the pixels occur to the left falls within the column of the histogram 1 706 corresponding to a pixel 
intensity value of 1 . Thus, the threshold value of 1 is used to create a binary map for the inner region of interest of Figure 
16. 

[0039] Figures 1 8 and 1 9 illustrate a second technique for choosing a threshold for blob analysis. Figure 1 8 illustrates 
an outer region of interest for the same area of the scanned image as shown in Figure 1 6. The outer region of interest 
is the maximally-sized elliptical area that will fit within the rectangular portion of a scanned image overlying and centered 
on a particular feature. The median pixel intensity for pixels within the outer region of interest ("OuterROI"), and the 
standard deviation for the pixel intensities of pixels within the OuterROI, are both calculated for the OuterROI, and a 
threshold is chosen by: 

threshold = median of OuterROI + (A * standard deviation) 

where A is approximately equal to 1 .4. Applying the above method for calculating a threshold produces a threshold 
value of "9" for the OuterROI illustrated in Figure 18. Figure 19 shows the binary image produced using a threshold of 
9 from the rectangular portion of the scanned molecular array image shown in Figure 1 8. In Figure 1 9, all pixels having 
a pixel intensity in the original scanned image equal to or greater than nine are darkened, or filled in, and all other 
pixels are blank. The darkened pixels correspond to pixels having an intensity value of 9, and the blank pixels corre- 
spond to pixels having a value less than 9 in the binary image. The average or mean of pixel values may used in place 
of the median pixel value in the above equation in order to generate alternative threshold values. 
[0040] A variation of this second method of determining thresholds is to use median statistics, which are more robust 
to outlier pixels than statistics using mean and standard deviations. A more robust estimator of standard deviation is 
either the inter-quartile range ("IQR"), where IQR = (75th percentile - 25 th percentile) or the median absolute deviation 
("MAD") from the median statistic metrics, which are converted to a standard deviation equivalent by dividing by a 
known constant (e.g. 1 .35 for IQR and 0.675 for MAD). For example, the threshold may be calculated as: 

threshold = median of OuterROI + (A * standard deviation-equivalent) 

[0041 ] Whether the binary image is produced according to the technique illustrated in Figures 1 6 and 1 7 or according 
to the technique illustrated in Figures 1 8 and 1 9, the resulting binary image is processed similarly to generate a refined 
pixel coordinate position for the features. The binary image is scanned to locate sets of contiguous pixels having a 
value of "1 or, in other words, blobs. Blob 1 902 in Figure 1 9 is the blob containing the largest number of pixels in the 
binary image and is closest to the center represented by Figure 19. Then, the centroid of the blob greater than a 
threshold size closest to the center of the binary image is computationally determined by a method illustrated in the 
final subsection of the application. Figure 20 illustrates the centroid pixel of blob 1 902 of Figure 1 9. In Figure 20, the 
centroid pixel 2002 is shown as a darkened pixel. The coordinates of the centroid pixel within the scanned image are 
then taken as the refined coordinates for the feature. 

Computation of an Initial Feature Position Coordinate Grid and Refinement of the Feature Position Coordinate 
Grid 

[0042] Using the refined corner feature positions, as determined by th techniques described in th previous sub- 
section, an initial rectilinear featur coordinate grid can be estimat d from the positions of th comer features and th 
known inter-featur spacingsofth molecular array. Figur 21 illustrates an initial feature coordinate grid ov rlaying 
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the scanned image of a mo! cular array, where th unltsofth x-axis 2102 and the units of th y-axis 21 04 are pixels. 
As can be seen in Figure 21 , many of the features are positioned relatively closely to the intersection of f ature coor- 
dinate grid lines, but do not exactly correspond to the Intersections. Thus, a technique is required to r fin the Initial 
feature coordinate grid so that features observed in the scanned image correspond as closely as possible to the inter- 
5 sections of featur coordinat grid lines. In this and following discussions, it is assumed that the molecular array is 
optically scanned in both gr en and red wavelengths and includes separate green and r d intensity values for each 
pixel. In different systems, more than two signals may be produced during analysis of the molecular array, and In such 
systems, all the various signals are used in the techniques to be described below. 

[0043] After computing the initial feature coordinate grid, the different signals for each feature are processed in order 

io to select strong features and to then refine the initial feature coordinate grid based on the positions of the strong 
features. For each feature, blob analysis is conducted, as discussed above with reference to Figures 1 6-20, to produce 
refined pixel coordinates for the center of the feature for each signal along with the size of the blob used to produce 
the refined coordinates. The initial position of the feature is estimated from the initial feature coordinate grid. If, based 
on the original feature coordinate grid, the refined position for the feature is less than some constant distance from the 

15 estimated feature position and the size of the blob determined by blob analysis is greater than a minimum threshold 
value and less than a maximum threshold value, then the feature is considered to be a strong feature. Otherwise, the 
feature is considered to be a weak feature. In Figure 21 , only the strong features are shown. If a feature is strong in 
more than one signal, such as, in the current case, in both green and red pixel intensities, then the refined position of 
the feature will be calculated as the mid-point of a line segment connecting the refined positions of the feature based 

20 separately on the red and green signals. 

[0044] Once the strong features are selected by the above-described technique, then the positions of the strong 
features are employed in a linear regression analysis to produce a refined feature coordinate grid. Figure 22 illustrates 
the linear regression analysis used in one embodiment of the present invention. In Figure 22, matrices are represented 
as rectangles, with the dimensions of the matrices indicated by numbers and letters within the rectangles. In Figure 

25 22, the value "M" is equal to the total number of features within a molecular array and the value "N" is equal to the 
number of strong features found within the molecular array. The row and column spatial indices of these strong features 
are contained in a N x 3 strong matrix 2202. The indices of strong features are contained in two columns of the strong 
matrix. A third column in the strong matrix 2202 has a place holder value of M 1 Thus, the first row in the strong matrix 
2202 contains a first spatial index for each strong feature, the second row in the strong matrix 2202 contains a second 

30 spatial index for each strong feature, and the third row in the strong matrix 2202 contains the value "1 " for each strong 
feature. 

[0045] A second matrix employed in the linear regression analysis is the pseudo-inverse strong matrix 2204. This is 
an N x 3 matrix. A pseudo-inverse matrix A + is derived from a regular matrix A containing real number elements via 
singular value decomposition. For a matrix AGR MxN (M^ N)with Rank (A) = N 
35 there are matrices: 



40 



ueR 



MxN 



MxN 



V GR 



MxN 



45 



such that: 



U T U=I N 

50 

V T V=I N 



55 A=UZV T 



Here l N is the identity matrix in R N x N . The matrix L is a diagonal matrix with non-zero diagonal entries having decreasing 
values from th upper left comer, to th lower right corner, 1 (N N) . 



10 



EP1 162 572 A2 



[0046] Th pseudo-invers matrix for A, denot d by A + is giv n by 

A + = vr 1 u T eR NxM 

5 

[0047] The important property of A+ and the one used in the grid fit regression process, is that: 

A + A=I N 

10 

[0048] The reference book "Matrix Computations- by H. Golub and C. F. Van Loan, Johns Hopkins University Press, 
1 996 (3rd edition), can be consulted for details on application and properties of the singular value decomposition (SVD) 
A = U£V T and the pseudo-inverse. 

[0049] A third matrix used in the linear regression analysis is the centroid matrix 2206. This is an N x 2 matrix, with 
15 each row containing the centroid of a strong feature, as determined by blob analysis, in pixel coordinates. A fourth 
matrix used in the linear regression analysis is a feature indices matrix 2208. The feature indices matrix is a 3 x M 
matrix containing the indices of all features in the molecular array, and is similar in format to the strong matrix 2202. 
Like the strong matrix, the final row of the features indices matrix 2208 contains M instances of the value "1 
[0050] The result of linear regression analysis is a fit position matrix 2210. This is an M x 2 matrix containing the 
20 two-dimensional pixel coordinates of each feature in the molecular array resulting from linear regression analysis. 
[0051] The linear regression analysis comprises two matrix multiplications. In the first matrix multiplication, the trans- 
pose 2212 of the pseudo-inverse strong matrix 2204 is multiplied by the centroid matrix 2206 to produce a 3 x 2 
coefficient matrix 2214. In the second matrix multiplication, the transpose 2216 of the feature indices matrix 2208 is 
multiplied by the coefficient matrix 2214 to produce the fit position matrix 2210. 
25 [0052] The grid fitting process entails an additional procedure for applying a linear regression on ail of the positions 
for all strong features simultaneously to transform the set of grid positions of strong features to a uniformly spaced grid 
that better fits the data and that can provide good estimates of the positions of the weak features. The relationship 
between the positions, X, of a uniformly spaced set of features and the set of indices, J, for that same set of features 
is given by: 

30 

X=JC 

where C is a 3x2 transformation matrix that contains orientation information pertaining to the rotation and offsets 
35 of the grid. Consider X to include only the positions of the N strong features and let J represent the corresponding 
indices. Xis an Nx2 matrix, where the I th row holds the position of the \^ feature. In practice, the strong feature positions, 
x meas' are measured based on their centroids, and these positions deviate slightly from the theoretical grid positions, 
X. Moreover, X meas is not uniformly spaced. To estimate the transformation matrix Cto be applied in the linear regres- 
sion, the above equation is rewritten as: 

40 



[0053] A least squares approximate solution for C can be found by applying the pseudo-inverse of J t as follows: 

45 

Cspmv(J)X meas 

[0054] Once this equation is solved for C, the transformation may be applied to any set of features, such as G, the 
so index matrix for the set of all features in the grid. This gives us H, the positions of all the uniformly spaced positions of 
all features on the grid: 

H=GC 

55 

[0055] An example of the linear regression analysis is provided In Figures 23A-27B. Figur 23A shows a small 9 x 
12 molecular array. The molecular array 2302 contains strong features shown as light-colored disks, such as strong 
feature 2304. Figure 23B shows the strong matrix corresponding to the 9 x 12 molecular array of Figur 23A. The 
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indices of all strong features are included in the strong matrix 2308. For xample, the coordinat s of the strong feature 
2310 at position (0,0) are included in the first column 2312 of strong matrix 2308 and the coordinates of the strong 
feature 2304 at position (3,8) are included in column 2314 of strong matrix 2308. As xplain d abov , a third place- 
keeping coordinate having the value "1" Is included in the third row of the strong matrix 2308 for each strong feature. 
5 It should b noted that, although a strong feature is not shown at position (7,0) 2306, an artifact or defect within th 
molecular array has caus d detection of a strong featur at position (7,0) 231 6. 

[0056] Figure 24 shows a pseudo-inverse strong matrix calculated, as described above, from the strong matrix shown 
in Figure 23B. Figure 25 shows the centroid matrix that includes the pixel coordinates of the centroids of the strong 
features of the 9x12 matrix shown in Figure 23A. Figure 26 shows the coefficient matrix calculated by multiplying the 

io transpose of the pseudo-inverse matrix (Figure 24) by the centroid matrix (Figure 25). Figures 27A-27B show the fit 
positions matrix calculated by multiplying the transpose of the feature indices matrix (not shown for the current example) 
by the coefficient matrix (Figure 26). Note also that the two-dimensional coordinates for any given feature resulting 
from linear regression analysis can be obtained by multiplying an index vector for the feature by the coefficient matrix 
shown in Figure 26. For example, multiplication of the index vector (0, 0,1) by the coefficient matrix shown in Figure 

15 26 results in the coordinates (85.880412, 26.859797) in the first row 2702 of the fit positions matrix shown In Figure 
27A-B. Similarly, multiplication of the index vectors (1 ,0,1) and (0,1 ,1) generate the coordinates in rows 2704 and 2706, 
respectively, of the fit positions matrix shown in Figure 27A. Note that, for very large arrays, a smaller set of features 
may be chosen for the linear regression analysis described above. 

[0057] In subsequent signal extraction and signal variance calculations, the refined positions of the strong features, 
20 as determined by blob analysis for each signal, are used for calculations of the strong features and their respective 
local background regions, whereas the fitted positions enumerated in the fit positions matrix are used for weak features 
and their respective local backgrounds. Thus, the results of the linear regression analysis are only applied to weak 
features and their respective local backgrounds. 

[0058] In the above case, the fitting of the grid is constrained to maintain a parallelogram symmetry. This is useful 

25 in implementations where systematic linear distance errors are small, which is generally true for linear encoders, There 
may be other situations where systematic distortions may break the parallel symmetry, for example, distortions arising 
from imaging optics where the array is imaged slightly out of the image plane. In some cases, the fit may preserve 
quadrangular symmetry whereas, in other cases, nonlinear fitting procedures may be required. 
[0059] The array of features can be broken up into a number of smaller regions or zones, and each zone can be 

30 fined to its own local grid. This can serve several purposes. For example, if there are known to be systematic positioning 
errors in certain regions, then each of those regions may be fit to a small localized grid. This method may be used for 
cDNA arrays and whole oligonucleotide deposition programs where sets of spots are deposited by different pins, pens, 
jets, or nozzles. Some ink-jet nozzles fire at fixed angles relative to other nozzles. In other deposition techniques, 
features are deposited onto flexible membranes. The membranes can stretch locally causing small regional distortions, 

35 making it impossible to adequately fit the whole array of features by a single grid. In this case, the grid can be broken 
down into a number of smaller grids, each grid with at least a few strong features. This case may better be addressed 
by a set of localized grids of quadrangular symmetries. When there are systematic errors associated with either pins 
or an ink-jet nozzle, it is not necessary for these subgrids to be non-overlapping. In fact, these independent grids, or 
sets of disjoint features, may overlap completely. The values of strong features associated with each independent grid 

40 are set to "1 ," and all other feature values are set to zero, and the grids care then independently fit. 

Rejection of Outlier Pixels and Multi-Color Scans 

[0060] Oncefeature positions are determined, whetherfrom blob analysis for strong features orfrom linear regression 
45 analysis for weak features, a set of pixels from each feature is then selected for signal extraction. The selected pixels 
for a feature initially comprise those pixels having pixel intensity values for each signal and, optionally, for ratios of all 
pairs of signals, that fall within acceptable ranges within a selected region corresponding to the feature. Selection of 
a region for initial pixel selection for a feature can be made on the basis of geometry, e.g. selecting pixels within an 
ellipsoid of a size and orientation expected to include signal-bearing pixels, or may alternatively be accomplished 
so through morphological analysis of features using image processing techniques. Selection of a set of pixels for signal 
extraction for a feature may be accomplished by removing, or disregarding, outlier pixels from the initial set of pixels 
within the selected region. Removal of outlier pixels from a feature, in one embodiment of the present invention, occurs 
through the following process: (1 ) construction of an initial inlier binary mask in which pixels of the feature have corre- 
sponding values of either 1 or 0, and all pixels within the selected region are initialized to have value 1 , while all other 
55 pixels are initialized to have the value 0; (2) for each signal, identification of any outlier pixels within the selected region 
having intensity values outside of an acceptabl range and setting of the corresponding valu s for those outlier pixels 
to 0 in the inlier mask; (3) for each possible pair of signals, identification of any pixels within the selected region for 
which the ratio of the intensity values for the signals of the pair of signals fall outsld of an acceptable range and setting 



12 



EP1 162 572 A2 



of the corresponding values in the inlier binary mask to 0; and (4) selection of those pixels whose corresponding values 
intheinliermaskhav thevalu 1 as the signal extraction pixels for th featur . 

[0061] Figure 28 illustrates the abov -describ d technique for outlier rejection. In Flgur 28, plane 2802 represents 
the green signal int nsity values for a region of Interest surrounding a feature, plane 2804 represents the red signal 
intensity values for the same region of interest, plane 2806 r presents th ratio of the gr en to red signal intensity 
values, and plane 2808 r pr sents the inlier mask corresponding to the region of interest. The process of outlier re- 
jection can be considered as a process of setting the value of a pixel in the inlier mask 2808 to "1 ■ if that pixel falls 
within acceptable ranges of intensity values in the green signal plane 2802 and red signal plane 2804 as well as within 
acceptable range of values of green to red signal ratios in the green to red signal ratio plane 2806. Acceptable ranges 
can be based on the standard deviation of the pixels comprising the feature. For example, the low limit can be set as 
the average of the feature minus two standard deviations and the high limit can correspondingly be set as the average 
of the feature plus two standard deviations. In Figure 28, the pixels having acceptable green signal values occur in the 
darkened regions 2812-2814, pixels having acceptable red intensity values fall within the regions of the red signal 
plane 2816-2817, and pixels having acceptable green signal to red signal ratios fall within regions 2818-2820 of the 
green to red signal ratio plane 2806. Thus, for example, pixel 2822 has the value 1 in the inlier mask 2808 because it 
occurs within acceptable ranges in the green to red signal ratio plane 2806, in the red signal plane 2804, and in the 
green signal plane 2802. 

[0062] An iteration step can be added here. For example, after pixel outlier analysis, all strong features can be again 
subjected to blob analysis. This is useful for features with small areas of signal that are significant with respect to the 
threshold, but are, in fact, artifacts. In such cases, a truly weak feature may be labeled strong and the centroid of that 
feature may be incorrectly positioned or, alternatively, the centroid of a strong feature including an artifact may be 
incorrectly positioned, pulled from the true grid. Subsequent pixel outlier analysis will remove much of the original high 
signal outlier pixels of such features that correspond to artifacts. If a second round of blob analysis is performed, a 
weak feature incorrectly labeled strong may no longer have a large enough blob over threshold to be labeled strong. 
The feature will then be labeled as weak and its centroid will be positioned via the above linear regression analysis. 
In the case of strong features with artifacts, a second round on blob analysis will likely better position the corresponding 
centroids. Instead of performing the second round of blob analysis on all strong features, the analysis can be limited 
to those strong features having a blob size lower than a set limit, that Is, to those features which are "borderline" strong. 

Signal Extraction from Features and Propagation of Errors 

[0063] For many types of analysis, it is desirable to extract the ratio of background subtracted and normalized signal 
intensities from the region of each feature determined according to the technique described in the previous sub-section. 
In this subsection, a technique for extracting signals, signal ratios, and determining variances is illustrated and de- 
scribed. In this subsection, the green signal intensity values for a feature are shown in Figure 29 and the red intensity 
values for the same feature are shown in Figure 30. The green intensity values range from 5 to 99, and the red intensity 
values range from 1 to 46. The average value for the green signal intensities for the feature is calculated as follows: 

where \i Q is the average green signal, N is the number of pixels within the feature, and gj is the green signal 
intensity of the i th pixel. The average red signal intensity value \i T is similarly calculated. The variance of the green 
signal for the feature is calculated as follows: 



2 1 rnN" 1 / o 

[0064] The variance for the red signal intensities o r 2 is similarly calculated. The covariance of the red and green 
signal intensities for the feature is calculated as follows: 



2 1 X^N-K 
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[0065] The estimated variance on the mean u^ is calculated as: 

°" = N 

and the estimated variance of the mean is similarly calculated. Finally, the estimated covariance on the mean 
Is calculated as: 



15 



25 



30 



40 



45 



[0066] The values of these parameters for the example features of Figure 29 and Figure 30 are provided below: 

N = 60 



20 = 7573 

H r = 29.93 



o g 2 = 930.94 



o r 2 = 162.47 



o gr 2 = 323.00 



35 O m 2 = 15.51 



^gr 2 =5-38 



a ugr 2 = 5.38 



V =2.71 



[0067] These parameters represent raw signals and raw signal statistics. Continuing on with further processing, a 
background level must be subtracted from each feature signal due to differences in background intensities within the 
various color channels. There are a number of different methods to determine the background intensity for different 
signals. In a first method, the average background intensity for each signal can be measured and reported by the 

so scanner. In a second method, a population of pixels in a region surrounding or in proximity to a feature, known as a 
local background, can be averaged to provide a different background measurement for each feature. In a third method, 
the background for a signal can be computed as the average of a collection of local backgrounds. For example, the 
nine nearest neighboring local backgrounds or, all the local backgrounds can be pooled together to obtain a background 
value. In a fourth method, the background can be estimated as the average signal intensity of a minimum feature or 

55 minimum local background in the molecular array. Finally, in a fifth method, the background can be calculated as the 
average of all or a subset of appropriate control featur s included in th mol cular array. Th appropriate control 
features can comprise a negative control designed not to hybridize with any target sample molecules or a deletion 
control designed to estimate the amount of non-specific hybridization of a corresponding perfect match feature. Alter- 
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nativ median statistics and robust standard deviation estimators can be substituted for the use of mean and standard 
deviation in ail the abov examples of background calculations and in subsequent discussions of error propagation. 
Figure 31 illustrates a number of local backgrounds. In Figure 31, local backgrounds 3102-3110 surround f atures 
3112-3120. Figure 32 illustrates a minimum featur . In Figure 32, f ature3201 hasth lowest intensity for a particular 

5 signal. Thus, the average pixel Intensity values for that signal of feature 3201 is taken as the background for that signal. 
, [0068] Alternative robust statistical metrics can be used in the above pix I outlier, feature extraction, and background 
calculation algorithms and in subsequent discussions of error propagation. Examples of a robust location metric is the 
median or the trimmed mean. Examples of robust dispersion metrics are the IQR and MAD metrics discussed above 
in the threshold determination section. Two of the advantages of using robust metrics, as opposed to the use of average 

10 and standard deviation, are that they are far less influenced by outliers and they do not make assumptions of the nature 
of the underlying distribution of data. 

[0069] The background averages and variances associated with each local background are notationally represented 
as Mtg.g* °nbg,g 2, a jibg,r 2 - These parameters can be computed similarly to the computation for the averages and 
variances of the raw signals, described above. However, if the background is estimated from a collection of local 
is backgrounds or a subset of control features, and thus represents an average of averages, or pooled average, then 
variance of the background measurement may be properly represented as follows. Let n BG „ and n BGr represent the 
average background signal for the green and red features respectively. Let o BG g 2 and a BG % represent the estimated 
variance on u. BG g and u. BG r respectively. Method 3, outlined above, is treated below, where the pooled average is: 
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H'BG.g 



and the variance of the average of averages is calculated as follows: 

2 1 



a 



BG,g 



2 



' 1 ^ 



where L is the number of local backgrounds used in calculating the average, for example, the nine nearest neigh- 
boring local backgrounds. 

[0070] The background-subtracted green signal \iq is calculated as follows: 

V-G^Vg-VBG.g 

and the background-subtracted red signal u. R is similarly calculated. The variance of the background subtracted 
45 green signal u^ 2 is calculated as follows: 

2 2 2 

G G =°Vg + °BG,g 

so and the variance of is similarly calculated. The covariance of the background-subtracted green and red signals 

o 2 GR is calculated as follows: 



°GR =<W 

[0071] To facilitate biological interpretation and downstream analysis of th data, the statistical significanc of feature 
signals needs to be determined. A problem aris s if, for example, the red channel signal and green channel signal of 
the same feature ar both indiscemibl from their surrounding local background, but th green channel signal is still 
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twice as bright as the red channel signal. Th user, in this case, may obtain a false result indicating a two-fold increase 
in xpression by th green channel if the ratios are calculated with data that is not significantly dlff rent compared to 
a blank, where the blank is one of th background options outlined above. This probl m may be addressed by per- 
forming statistical slgnificanc tests on f atur data. A two-tailed stud nt's t-test is p rformed on the population of 
pixels comprising the f ature with the approprlat population comprising th background signal. Th population used 
for the background signal depends on th method chosen for background subtraction. As discussed below, this sig- 
nificance information is used when calculating the log of the ratio of one color channel signal to another color channel 
signal of the same feature. 

[0072] As can be seen in the examples feature signal intensities of Figures 29 and 30, the average value for one 
signal intensity for a particular feature may be quite different from the average value for a different signal for the same 
feature. For example, the labeling and photon -efficiencies of different dyes, or chromophores, may be different. In 
Figures 29 and 30, n g = 75.73 and u, r = 29.93. In this case, in order to compare the green and red signals of the features 
for a molecular array, the green and red signals for all features must be normalized. Signal response curves may be 
employed during normalization. A linear normalization curve is assumed in the following discussion. In one embodiment 
of the present invention, using the assumption that, on average, genes are not differentially expressed, the average 
log ratio of red to green background-subtracted signals is forced to be zero. This is accomplished by computing a dye 
normalization factor for each color channel, DN Facto r G and DN Facto r R Thus, using M feature signals: 



[0073] Using the dye normalization factors, all the feature signals are then normalized. Let u. Rn and represent 
the dye normalized red and green signals. 
Thus, 



[0074] Let o Gn 2 and a Rn 2 represent the variance on and u. Rn respectively, where, following the standard error 
propagation equation: 




M 



DNFactor G = 10S 



u. Gn = DN Facto r G . u. G 



and 



^Rn = DNFactor R • u. R 



c Gn 2 = DN Facto r G 2 • a G 2 



o Gn 2 = DN Facto r R 2 »a R 2 



[0075] Let a GRn 2 represent the propagated covariance where: 



o GRn 2 = DNFactor G . DNFactor R - o GR 2 



[0076] Finally, let LR represent the log 10 (red to green ratio) where: 
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[0077] Topropagat th rror at this step, th standard rror propagation equation for x= f(utf is used 




[0078] In the current case, letting o LR 2 represent the variance of LR, application of the above formula yields: 



[0079] It is important at this point to test for significance of the red and green channel data. If both color channel 
signals for a feature are found to be insignificantly different from the population describing the feature's background, 
typically at a significance level < .01 , then set the log ratio log(0/0) to be log(1) which is defined to be 0. This avoids 
the erroneous result of a gene expression level artificially high or low based on data that is considered to be essentially 
the same as some background level. 

Implementation 

[0080] In this subsection, a series of flow-control diagrams are employed to describe the implementation of routines 
for establishing the orientation of a rectilinear grid for indexing features of a molecular array, determining the pixel- 
based coordinates of the corner features of a molecular array, establishing an initial mapping between pixel coordinates 
and the indexing grid, and determining positions of the features using the initial mapping. The positions of weak features 
can then be refined according to the linear regression analysis method described above. The linear regression analysis, 
subsequent rejection of outlier pixels, and signal extraction from features along with propagation of errors can be 
straightforwardly implemented according to the mathematical descriptions provided in previous subsections. 
[0081] Figures 33-38 provide a series of flow-control diagrams that describe the method of refining feature coordi- 
nates by blob analysis, described above with reference to Figures 1 6-20. Figure 33 is flow-control diagram for the 
routine "refine feature coordinates." This routine is the top-level routine for implementing refinement of feature coordi- 
nates using blob analysis, as discussed above with reference to Figures 16-20. In step 3302, the pixels in a scanned 
image of a molecular array within a region of interest surrounding initial coordinates for the center of a feature are 
processed to determine the average intensity values of pixels in the region of interest, the variance of the intensity 
values of pixels in the region of interest, the medium intensity value in the region of interest, and, as a by-product, the 
number of pixels in the region of interest. The latter quantity may be constant, or may vary slightly depending on the 
position of the feature within the molecular array and the orientation of an indexing grid determined for the molecular 
array. In step 3303, a threshold value is set using an above-described formula. In the tor-loop comprising steps 
3304-3308, a map "binmap" with elements corresponding to pixels of the scanned image of the molecular array is 
initialized by setting each element of the binmap equal to 1 , in step 3307, if the intensity of the pixel corresponding to 
the binmap element is greater than the threshold value calculated in step 3303, and setting the element value to 0, in 
step 3308, if the intensity of the corresponding pixel value in the scanned image of the molecular array is less than or 
equal to the threshold value, as determine in step 3305. Next, in step 3309, the binary map "binmap" is prepared for 
blob analysis via a call to the routine "prepare binmap," following execution of which the routine "find equivalences" is 
called in step 3310 to identify all blobs within the region of interest, and, finally, in step 3311 , the routine "find blob" is 
called to identify a sufficiently large, closest blob to the unrefined center position of the feature, refine the feature 
coordinates according to the centroid of this blob, and return the size, in pixels, of the blob. 

[0082] Figure 34 is a flow-control diagram of the routine "prepare binmap." This routine analyzes the map "binmap, 
" initialized in steps 3304-3308 of Figure 33, in order to set the values of elements of binmap Initially having the value 
"1" to a successive set of blob numbers, where each initial blob comprises a set of contiguous pixels corresponding 
to binmap elements having the value "1." In other words, all elements of binmap initially having the value "1" are 
assigned new values that represent partitioning of corresponding pixels into groups of contiguous pixels. The variable 
"current" is set to 1 , in step 3401 , and is used as the next blob value to be assigned to a n wly-found group of contiguous 
pixels having intensities greater than the thr shold value. The remaining steps 3403-3410 compris two nested tor- 
loops in which the variables "i" and "j" ar together assigned all possible ind x-palrvalu s "(i,j)" for v ry element in 
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binmap. Thus, starting with step 3404, each element in binmap is consider d separately. If th lement is not th first 
element in a row, and th previous lement in the sam row has already been assigned a blob numb r, then, in st p 
3405, the curr ntly considered element is set to th blob number of the previous, adjoining elem nt in the row. If, as 
detected in step 3406, the element Is not th first elem nt In a column, and the adjacent elem nt preceding the element 

5 in the same column has already been assigned a blob number, then the currently consid red element is assign d that 
blob number in step 3407. Otherwise, in step 3408, th currently considered lem nt is assigned the next blob number, 
and the variable "current" is Incremented. At the conclusion of execution of the routine "prepare binmap," binmap is 
partially partitioned into blobs, or equivalence classes, based on physical contiguity of high-Intensity pixels within the 
scanned image of the molecular array. 

10 [0083] Figure 35 illustrates the routine "find equivalences." This routine transforms the partially partitioned binmap 
into a fully partitioned binmap. Essentially, the routine "find equivalences" identifies pairs of contiguous blobs and 
coalesces them into a single blob having a blob number equal to the lowest of the blob numbers of the two blobs of 
the pair. Contiguous blobs may arise for irregularly shaped blobs having, for example, arms separated by elements of 
0 value within the map "binmap." 

15 [0084] In step 3501 , the routine "find equivalences" initializes the array "equivalences" to contain monotonically in- 
creasing values starting with 0. Thus, equivalences^) contains the value "0," equivalences^ ] contains the value "1 ," 
etc. The array "equivalences" is indexed by blob numbers, and contains for each blob number any lower- numbered 
blob number identified by the routine " find equivalences" as being equivalent to the blob. In step 3502, the routine " 
find equivalences" sets the variable "num" to the value "0." If, following execution of the for-loop comprising steps 

20 3503-3507, the variable "num" still has the value "0," as detected in step 3508, then all pairs of equivalent blobs have 
been identified and resolved. The for-loop comprising steps 3503-3507 sets the indices V and "j" to ail possible index 
pairs "(i,j)" for elements in binmap, and the routine "set equivalence," to be described below with reference to Figure 
36, is called in step 3505 for each binmap element. Once all the equivalences have been found, then, in the nested 
for-loops comprising steps 3509-351 6, binmap elements are reassigned, where necessary, to their final partition value. 

25 in step 351 1 , the variable "n" is assigned to be the current value of a currently considered element of the binmap. Then, 
in steps 3512-3513, n is iteratively reassigned to the value stored in the array " equivalence" at index n until n equals 
the value stored in the array "equivalences" at index n, as detected in step 3512. Finally, in step 3514, the binmap 
element is assigned the value n. 

[0085] Figure 36 is a flow-control diagram for the routine "set equivalence," called in step 3505 of Figure 35. This 
30 routine comprises a complex Boolean expression that detects whether a binmap element is adjacent either to a previous 
element in its row or a previous element in its column, and, if so, sets an equivalence relationship in the array " equiv- 
alences" to reflect the fact that the blobs to which the two considered binmap elements belong are equivalent. If an 
equivalence is detected, then the variable "num" is incremented, in step 3610, in order to cause an additional iteration 
of the nested for-loops comprising steps 3503-3507 of Figure 35. Specifically, the routine "set equivalence" first deter- 
35 mines whether the value of the currently considered binmap element is greater than 0 in step 3601 . If so, then, in step 
3602, the routine "set equivalence" determines whether a previous binmap element in the same column as the currently 
considered element has a different non-zero value than the currently considered element and, if so, sets the appropriate 
element in the array "equivalences" to reflect the equivalence between the two blobs that contain the two elements in 
steps 3603-3605. Otherwise, in step 3606, the routine " set equivalence" determines whether a previous, adjacent 
to binmap element in the same row as the currently considered binmap element has a different non-zero value than the 
currently considered binmap element and, if so, sets an element of the array "equivalences" to reflect the equivalence 
of the two blobs to which the two elements belong in steps 3607-3609. 

[0086] Figure 37 is a flow-control diagram for the routine " find blob." The routine " find blob" finds the closest blob 
to the unrefined coordinates of the center of the feature that is greater than a threshold size, and then refines the 

45 feature coordinates to correspond to the coordinates of the centroid of the blob by calling the routine "set feature 
coordinates" in step 3709. First, the routine "find blob" counts the number of pixels, or binmap elements, in each blob 
and stores the counts in the array "groups" in steps 3701 -3704. Then, the routine " find blob" selects a threshold value 
from one of the values stored in the array "groups" in step 3705. The selection of the threshold value may be based 
on any number of different criteria, as discussed above. Then, in a for-loop comprising steps 3706-3707, the routine " 

so find blob" selects each element from binmap, starting with the element closest to the center of the feature, and proceeds 
outward through the region of interest in a spiral, determining in step 3707 whether the next element In the spiral has 
a value that exceeds the threshold calculated in step 3705. The first binmap element in the spiral that exceeds the 
threshold breaks the for-loop of steps 3706-3707, resulting In the variable "blob" being assigned to the value of the 
first binmap element that breaks the for-loop in step 3708. Thus, the variable "blob" is assigned the number of the blob 

55 closest to the unrefined center position of the feature having greater than a threshold size. 

[0087] The routine" set f ature coordinates," called by th routin "find blob" in st p 3709, determin s the centroid 
of the blob determined by the routine " find blob" and sets the coordinat s of th cent r of th f ature to the centroid 
of th blob. In step 3801 , the routine " set feature coordinates" determines whether th blob found by the calling routin 
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■ find blob" is acceptabl for determining a refined position for th c nt r of th feature. As discussed above, this 
determination depends on th siz ofth blob and distance of the blob from the unrefin d coordinates of th center of 
the feature. The routine "set feature coordinates" mak sthed t rmination in step 3801 and, if the blob is not acceptable, 
sets an indication to indicate that the feature is weak in step 3802 and th n returns. Otherwis , in steps 3803-3806, 

5 the routine "set featur coordinates" accumulates th x and y coordinates of each element of the blob in the variables 
"mx" and "my" and th n.inst p 3807, calculates the ref in dcoordinat sof the center of the feature as the coordinates 
of the centroid of the blob. In step 3808, the routine "set feature coordinates" sets an indication that the feature is 
strong, and then returns. In either the case that the strong or weak feature, the return value passed back by the routine 
" set feature coordinates" is the number of pixels or binmap element in the blob. The value is passed back through the 

10 routine " find blob" to the routine "refine feature coordinates," from which it is passed back to the code calling the routine 
" find feature coordinates." 

[0088] Figure 39 is the flow-control diagram of the routine "establish orientation" that determines a correct orientation 
for an initial indexing grid, as discussed above with reference to Figures 4-13. In step 3901 , the routine "establish 
orientation" receives a digitized molecular array scanned image and sets the variable "res" to 0. In the for-loop corn- 
's prising 3902-3907, the routine "establish orientation" calculates row and column vectors, in step 3903, for each angular 
orientation between -5 degrees and 5 degrees, and for each angular orientation, sets the variable "tmp" to the sum of 
the variances of the row and column vectors in step 3904. If the value of temp is greater than the value of res, as 
detected by the routine "establish orientation" is step 3905, then, in step 3906, res is assigned to the value of tmp and 
the variable "a" is assigned to be the current angle. In step 3908, the routine "establish orientation" returns the angle 
20 "a" as well as the saved row and column vectors saved in step 3906. 

[0089] Figure 40 is a flow-control diagram for the routine " establish corners." This routine determines the positions 
of comer features as discussed above with reference to Figures 14 and 15. First, in step 4001 , the routine "establish 
corner" calls the routine " establish orientation" to set an overall orientation for a rectilinear indexing grid. Next, in step 
4002, the routine "establish corners" smoothes the row and column vectors returned by the routine " establish orien- 
ts tation" according to the method described above with reference to Figures 6A-B through Figure 9. in step 4003, the 
routine "establish corners" sets the variables "low_y," "high_y," "low_x," and "highjc" to the positions of the left and 
right-hand peaks in the row vector and the positions of the left and right-hand peaks in the column vector, respectively. 
In step 4004, the routine " establish corners" sets initial pixel-based coordinates for the center of each feature according 
to the four variables whose values are set in the above step 4003. Finally, in the for-loop comprising steps 4005-4007, 
30 the routine "establish corners" calls the routine "refine feature coordinates" for each corner feature to refine the positions 
of each of the corner features. 

[0090] Figure 41 is a flow-control diagram for the routine "establish grid." This routine establishes an initial rectilinear 
coordinate system, or indexing system, for a scanned molecular array based on the defined positions of feature coor- 
dinates, next determines the positions of all additional strong features, and then, in step 41 1 3, calls a linear regression 

35 analysis routine that carries out linear regression as discussed above with reference to Figures 21 -27B. First, in step 
4101 , the routine " establish grid" uses the refined positions of the corner features, returned by the routine "establish 
corners," to create a rectilinear indexing grid for all features. This indexing grid can be straightforwardly calculated from 
the orientation angle established by the routine "establish orientation" and by dividing the dimensions of the scanned 
image of the molecular array, established by the initial positions of the corner features, into equal-sized increments 

40 according to the number of features along each dimensional axis. Steps 41 02-4112 together comprise a for-loop in 
which two different sets of data, or signals, are used to determine whether each feature, other than the corner features, 
is a strong feature for which coordinates can be used as determined, or whether the feature is a weak feature, for 
which coordinates must be determined via the linear regression analysis carried out in step 4113. In step 4103, the 
currently considered features initial coordinates are set according to the rectilinear indexing determined in step 4101 . 

45 Then, the routine "refine feature coordinates" is called in step 41 04 with respect to one of two data signals, assumed 
in the present case to be the red signal. If, as detected by the routine "establish grid" in step 4105, the currently 
considered feature is strong with respect to the red signal, then, in step 4106, the refined coordinates based on the 
red signal are saved, and the coordinates of the feature are refined via a call to the routine "refine feature coordinates" 
in step 4107 with respect to the green signal. If the refinement based on the green signal results in the feature being 

50 classified as strong, as detected by the routine "establish grid" in step 4108, then the refined coordinates of the feature 
are set to the average of the refined coordinates based on the green signal and the saved red coordinates in step 
4109. Otherwise, the refined coordinates for the feature are set to the saved coordinates based on the red signal in 
step 41 1 0. If the feature is not classified strong with respect to refinement related to the red coordinates, then, in step 
4111 , the routine "refine feature coordinates" is called with respect to the green signal. Finally, following completion of 

55 the for-loop comprising steps 4102-4112, a linear regression analysis is conducted, in step 4113, according to the 
mathematical methodology describ d above with r ferenc to Figures 21 -27B. 

[0091] It is not intended that the invention be limited to this embodim nt. Modifications will be apparent to those 
skilled in the art. For example, an almost limitless number of implementations of the feature extraction method of the 
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present invention are possible using different programming languages, operating systems, programming styles and 
techniques, and different scanning devlc s and scanning devic interfac s. Wh n mor than two differ nt types of 
data signals are availabl ,th d scrib dm thodcanb easily ext nd d to incorporate th additional data signals, as 
indicated in the above discussion. The featur extraction methodology outlined above can be employed for many 

5 different types of molecular arrays with many different sizes and styles of features placed on the surface of the molecular 
array in many different regular patterns. Th f atur extraction method outlined above is applicable to an almost limitless 
number of different types of molecular arrays with regard to the molecular components of the features and with regard 
to molecules hybridized or bound to those components during experimentation. Depending on the type of scanning 
device used for analyzing a molecular array, additional steps and techniques may be added to the above-described 

io feature extraction method in order to account for variations in interfaces, hardware components, and other parameters. 
[0092] Information on the array layout can be obtained from a code associated with an array. The obtained array 
layout information can then be used by a processor in an array scanner (or elsewhere) to construct the second pattern. 
Alternatively, the code may otherwise be associated with the array. The code may, for example, be a bar-code or other 
code affixed to the array substrate or housing, or provided to an array user in the same package as the array, or in 

15 some other manner physically associated with the array when provided to the user. In particular, all of the techniques 
described in co-pending U.S. patent application Serial No. 09/302,898 entitled tt Polynucleotide Array Fabrication" by 
Caren et al. (filed April 30, 1 999) and Serial No. 09/558,532 entitled "Array Fabrication with Drop Detection" by Schantz 
et al. (filed April 26, 2000), for providing or obtaining array error information, may be alternatively or additionally be 
used for providing (such as at the fabrication location) or obtaining (such as at the end user location) any other array 

20 layout information (such as the composition of features such as polynucleotide sequences, or any other feature char- 
acteristics such as features size or location) and additionally or alternatively, the second pattern or information on the 
construction of the second pattern. Additionally or alternatively, all of such techniques can also be used for providing 
or obtaining genetic information associated with a set of one or more features on one or more arrays. For example, 
such information may be information on genes which are associated with one or more polynucleotide features on an 

25 array (for example, an identification of genes potentially responsible for an observed signal pattern from array features). 
Thus, the disclosures of those applications can alternatively or additionally be read with reference to " error information" 
or " error maps" being replaced with any one or more of "array layout information", "second pattern information" or 
"genetic information associated with a set of one or more features". 

[0093] The disclosures in United States patent applications no. 09/589,046 and 09/659,415, from which this appli- 
30 cation claims priority, and in the abstract accompanying this application are incorporated herein by reference. 



Claims 

35 1. a method, embodied in a computer program, for automated extraction of data from a molecular array having fea- 
tures arranged in a regular pattern, the method comprising: 

receiving a number of images of the molecular array, each produced by scanning the molecular array to de- 
termine intensities of data signals emanating from discrete positions on a surface of the molecular array; 
40 estimating initial positions of selected marker features within an image of the molecular array; 

calculating refined positions of the selected marker features within the image of the molecular array; 

using the refined positions of the selected marker features to computer an initial coordinate system for locating 

features of the molecular array in the number of images of the molecular array; 

using the initial coordinate system to locate positions of strong features within one or more images of the 
45 molecular array; 

refining the positions of strong features within the one or more images of the molecular array by analyzing 
data signal intensity values in regions of the one or more images of the molecular array that contain the strong 
features; 

using the refined positions of strong features in the one or more images of the molecular array to calculate a 
50 refined coordinate system to locate positions of weak features within the number of images of the molecular 

array; 

using the refined positions of strong features in the one or more images of the molecular array to calculate a 
refined coordinate system to locate positions of local background regions surrounding ail strong and weak 
features within the number of images of the molecular array; and 
55 extracting data from strong features, and their respective local background regions, within the number of im- 

ages of the molecular array using the refined positions of strong features within the number of images of the 
molecular array and extracting data from work features, and their respectiv local background regions, within 
the number of images of th molecular array using locations forth weak features calculated from th refined 
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coordinat system. 

Th m thod of claim 1 wherein data signals emanating from discrete positions on the surface of the molecular 
array include: 

fluorescent emission from fluorophores incorporated into molecules bound to features of th molecular array; 
radiation emitted by radioisotopes incorporated into molecules bound to features of the molecular array; and 
light emission from chemoluminescent moieties incorporated into molecules bound to features of the molecular 
array. 

The method of claim 1 wherein each image of the number of images comprises an array of pixels, each pixel 
having a data signal intensity value. 

The method of claim 3 wherein the features of the molecular array are arranged in a rectilinear grid, wherein comer 
features are selected as marker features, and wherein estimating initial positions of selected marker features within 
an image of the molecular array includes: 

calculating row and column vectors by considering the values of pixels in rows and columns of the image; 
determining a first and last peak in the row and column vectors; and 

using pixel coordinates of the first and last peaks in the row vector to determine horizontal coordinates of the 
corner features and using pixel coordinates of the first and last peaks in the column vector to determine vertical 
coordinates of the corner features. 

The method of claim 4 wherein row and column vectors are calculated for various orientations of an image produced 
by scanning the molecular array, and the orientation at which the column and row vectors have sharpest and most 
distinct peaks is selected as the orientation for subsequent calculations. 

The method of claim 3 wherein calculating refined positions of the selected marker features within the image of 
the molecular array includes: 

for each selected marker feature, 

creating a binary image of the selected marker feature; and 

using blob analysis to determine refined pixel coordinates for the feature. 

The method of claim 6 wherein the binary image is generated by: 

creating a histogram of intensity values within an inner region of interest that contains pixels corresponding 
to the feature; 

selecting an intensity value as a threshold value from the histogram based on a ratio of a number of pixels 
having an intensity value greater than the threshold value divided by a total number of pixels within the inner 
region of interest; and 

for each pixel in the binary image, setting the value of the pixel to 1 if the intensity value of a corresponding 
pixel in the image is greater than or equal to the threshold value, and setting the value of the pixel to 0 if the 
intensity value of the corresponding pixel in the image is less than the threshold value. 

The method of claim 6 wherein the binary image is generated by: 

determining a median intensity value and standard deviation of intensity values of pixels within an outer region 
of interest that contains the pixels corresponding to the feature; 

selecting as a threshold value an intensity value that is a number of standard deviations greater than the 
median intensity value; 

for each pixel in the binary image, setting the value of the pixel to 1 if the intensity value of a corresponding 
pixel in the image is greater than or equal to the threshold value, and setting the value of the pixel to 0 if the 
intensity value of the corresponding pixel in the image is less than the threshold value. 

The method of claim 3 wherein a strong f ature is a feature for which a largest blob produc d during blob analysis 
of the feature is gr ater than or equal to a minimal size and less than a maximum size and located within a threshold 
distance from a center position of th feature estimated from the initial coordinat syst m. 
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10. The method of claim 9 wherein blob analysis is us d to refine the positions of strong features and their r spective 
local background regions within the on or more images of th molecular array by analyzing data signal values in 
regions of the on or more images of th mol cular array that contain th strong f atures. 

5 11 . The method of claim 3 wherein linear r gression analysis is us d to calculate a refined coordinate system to locat 
positions of weak featur s and their r spective local background r gions within the numb r of images of the mo- 
lecular array. 

12. The method of claim 11 wherein the linear regression analysis is carried out using two matrix multiplication steps, 
10 in a first step calculating a coefficient matrix by multiplying together a transpose of a pseudo-inverse of a strong 

matrix containing indices of strong features with a centroid matrix containing coordinates of centroids of strong 
features, and in the second step calculating a fit positions matrix by multiplying together a transposed feature 
indices matrix and the coefficient matrix calculated in the first step. 

is 13. The method of claim 1 wherein extracting data from strong features, and their respective local background regions, 
within the number of images of the molecular array using the refined positions of strong features within the number 
of images of the molecular array and extracting data from weak features, and their respective local background 
regions, within the number of images of the molecular array using locations for the weak features calculated from 
the refined coordinate system includes: 

20 

determining which pixels are included in the extraction of signal from each feature or local background region 
using statistical methods for pixel outlier identification; 

determining averages and variances of data signal intensities for features of the molecular array and covari- 
ances for one or more pairs of data signal intensities; 
25 determining averages and variances for background data signal intensities; 

determining background-subtracted averages and variances of data signal intensities for features of the mo- 
lecular array and background-subtracted covariances for one or more pairs of data signal intensities; 
normalizing the data signal intensities, averages, and variances; and 
calculating ratios and variances of ratios of pairs of normalized data intensity signals. 

30 

14. A system for automated extraction of data from a molecular array having features arranged in a regular pattern, 
the system comprising: 

a scanning component that produces images of the molecular array representing intensities of data signals 
35 emitted from discrete positions on a surface of the molecular array; 

a computer program that processes the images of the molecular array produced by the scanning component 
to index features in the images of the molecular array corresponding to molecules bound to features of the 
molecular array and that extracts data from the indexed features within images of the molecular array; and 
a computer for executing the computer program. 

40 

15. The system of claim 14 wherein data signal intensities emanating from discrete positions on the surface of the 
molecular array include: 

radiation emitted by radioisotopes incorporated into molecules bound to features of the molecular array; 
45 fluorescent emission from fluorophores incorporated into molecules bound to features of the molecular array; 

and/or 

light emission from chemoluminescent moieties incorporated into molecules bound to features of the molecular 
array. 

50 16. The system of claim 1 4 wherein the computer program processes the images of the molecular array and extracts 
data from indexed features within images of the molecular array by: 

receiving a number of images of the molecular array produced by the scanning component; 
estimating initial positions of selected marker features within an image of the molecular array; 
55 calculating refined positions of the selected marker features within the image of the molecular array; 

using the refined positions of th select d marker featur s to comput an initial coordinate system for locating 
features of the moleular array in the number of images of the molecular array; 

using the initial coordinat system to locate positions of strong features within one or more images of the 
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molecular array; 

refining th positions of strong f atur s within th on or mor images of th mol cular array by analyzing 
data signal intensity valu s in regions of the on or more images of the molecular array that contain the strong 
features; 

5 using the refined positions of strong features in the on or mor images of the mol cular array to calculat a 

refined coordinat system to locat positions of weak features within th numb r of images of th molecular 
array; 

using the refined positions of strong features in the one or more images of the molecular array to calculate a 
refined coordinate system to locate positions of local background regions surrounding all strong and weak 

10 features within the number of images of the molecular array; and 

extracting data from strong features, and their respective local background regions, within the number of im- 
ages of the molecular array using the refined positions of strong features within the number of images of the 
molecular array and extracting data from weak features, and their respective local background regions, within 
the number of images of the molecular array using locations for the weak features calculated from the refined 

'5 coordinate system. 

17. The system of claim 16 wherein the computer program calculates background-subtracted averages, background- 
subtracted variances, and background-subtracted confidence intervals for data signal intensities integrated over 
features in the images corresponding to features of the molecular array. 

20 

18. The system of claim 1 6 wherein the computer program calculates background-subtracted averages, background- 
subtracted variances, and background-subtracted confidence intervals for ratios of pairs of data signal intensities 
integrated over features in the images corresponding to features of the molecular array. 

25 19. A method of evaluating an orientation of a molecular array having features arranged in a pattern, including the 
steps of: 

(a) receiving an image of the molecular array produced by scanning the molecular array to determine data 
signals emanating from discrete positions on a surface of the molecular array; 
30 (b) calculating an actual result of a function on pixels of the image lying in a second pattern; and 

(c) comparing the result of step (b) with an expected result which would be obtained if the second pattern had 
a predetermined orientation on the array. 

20. A method according to claim 19, wherein: 

35 

the features of the molecular array are arranged in a rectilinear grid and the pattern comprises a rectilinear 
grid of rows and columns; and 

step (b) comprises calculating row and column vectors by summing pixels in the rows and columns. 

4Q 21. A method according to claim 19 or 20, including, when the results of the comparison in step (c) are outside a 
predetermined difference, the steps of altering the orientation of the second pattern on the array and repeating 
steps (b) and (c) until the results of the comparison are within the predetermined difference. 

22. A method according to claim 1 9, 20 or 21 , including the steps of: 

45 obtaining information on the array layout using a code associated with the array and constructing the second 

pattern based on the obtained array layout information. 

23. A method according to claim 22, wherein the array layout information is obtained from a remote location. 
so 24. A method according to any of claims 1 9 to 23, wherein the orientation comprises rotational orientation. 

25. A system for evaluating an orientation of a molecular array having features arranged in a pattern, including: 

(a) means for receiving an image of the molecular array produced by scanning the molecular array to determine 
55 data signals emanating from discrete positions on a surface of the molecular array; 

(b) calculating means for calculating an actual result of a function on pixels of th image lying in a second 
pattern; and 

(c) comparing means for comparing the calculated r suit with an xpect d result which would be obtained if 
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Fig. 25 



Fig. 26 



43 



EP1 162 572 A2 



-85.880412 26.859797 

128.216987 26.892644 
170.553562 26.925492 

212.890137 26.958339 

255.226712 26.991186 

297.563288 27.024034 

339.899863 27.056881 

382.236438 27.089729 

424.573013 27.122576 

466.909588 27.155423 

509.246163 27.188271 

551.582738 27.221118 

85.778786 69.125680 

128.115361 69.158527 

170.451936 69.191375 

212.788511 69.224222 

255.125086 69.257070 

297.461661 69.289917 

339.798236 69.322764 

382.134812 69.355612 

424.471387 69.388459 

466.807962 69.421306 

509.144537 69.454154 

551.481112 69.487001 

85.677160 111.391563 

128.013735 111.424411 

170.350310 111.457258 

212.686885 111.490105 

255.023460 111.522953 

297.360035 111.555800 

339.696610 111.588648 

382.033185 111.621495 

424.369760 111.654342 

466.706336 111.687190 

509.042911 111.720037 

551.379486 111.752884 

85.575534 153.657446 

127.912109 153.690294 

170.248684 153.723141 

212.585259 153.755989 

254.921834 153.788836 

297.258409 153.821683 

339.594984 153.854531 

381.931559 153.887378 

424.268134 153.920225 

466.604709 153.953073 

508.941284 153.985920 

551.277860 154.018768 

85.473908 195.923330 

127.810483 195.956177 

170.147058 195.989024 

212.483633 196.021872 

Fig. 27A 
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Fig. 27B 



45 



EP 1 162 572 A2 



2810 
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f REFINE FEATURE ^ 
V COORDINATES J 



SET ov = AVERAGE 
INTENSITY VALUES 
OF PIXELS IN ROI 
a* = VARIANCE OF 
INTENSITY VALUES OF 
PIXELS IN ROI 
n = NUMBER OF PIXELS 
IN ROI 
md = MEDIAN 
INTENSITY VALUE 



SET THRESHOLD = 
md + (A*Vc?) 



-3302 



-3303 



3308 



SET ELEMENT = 0 



FOR EACH ELEMENT 
OF BINMAP 



-3304 




■3307 



SET ELEMENT = 1 



PREPARE BINMAP 



FIND EQUIVALENCES 

I 



FIND BLOB 



Fig. 33 
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-3310 
-3311 



so 
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C PREPARE \ 
V BINMAP J 



CURRENT = 1 



FOR EACH INDEX i 
IN BINMAP 



FOR EACH INOEX j 
IN BINMAP 



-3401 



-3402 



-3403 




3405 



BINMAP 


MM = 


BINMAP 





Z2 



3407 



BINMAP 
BINMAP 



[j] = 
[Ml 



BINMAP[i][j] 
.= CURRENT 
CURRENT = CURRENT+1 



-3408 





RETURN 



Fig. 34 
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Fig. 35 
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num = num + 1 



Fig. 36 
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C FIND BLOB ) 

— t — 

groups[ ] = o 

_ 



-J70/ 



FOR EACH ELEMENT 
IN BINMAP 


^3702 






INCREMENT 
GROUPS[BINMAP 
IF BINMAP[t][j > 0 


^3703 


J^^3704 
ANOTHER^ — ^YES 



[NO 



SET THRESHOLD = 
A VALUE FROM 
GROUPS[ ] 

< 



-3705 



FOR EACH ELEMENT IN 
BINMAP, SPIRALING 
OUT FROM CENTER 



-3706 



3707 




BLOB = BINMAP[i][;] 



-3708 



SET FEATURE 
COORDINATES 



Fig. 37 
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c 



SET FEATURE *\ 
COORDINATES J 



3802 




SET mx = 


0 


SET my = 


0 



FOR EACH ELEMENT OF 

BINMAP WHERE 
BINMAP[i][j = BLOB 



-3803 



-3804 



mx 


= mx 


+ t 


my 


= my 


+ y 



-3805 




FEATURE x = 
mx/GR0UPS[BL0B] 

FEATURE y = " 
my/GR0UPS[BL0B] 



-3807 



SET FEATURE = STRONG 



-3808 



, RETURN , 
lGR0UPS[BL0B]J 



Fig. 38 
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f ESTABLISH "\ 
V ORIENTATION J 



RECEIVE DIGITIZED 
ARRAY IMAGE 
SET res = 0 



FOR ANGLE = -5* 

TO 5* IN 0.5 
DEGREE INCREMENTS 



CALCULATE ROW AND 
COLUMN VECTORS 



-3901 



-3902 



-3903 



SET imp = VARIANCE 
OF ROW VECTOR + 

VARIANCE OF 
COLUMN VECTOR 



ANGLE 
<= 5* 



-3904 




a = ANGLE . 

res = Imp 
SAVE CALCULATED ROW 
AND COLUMN VECTORS 



3907 



iNO 



RETURN 
a AND 
(SAVED ROW AND) 
COLUMN 
VECTORS 



-3908 



Fig. 39 
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f ESTABLISH A 
V CORNERS J 



ESTABLISH 
ORIENTATION 



-4001 



SMOOTH ROW AND 
COLUMN VECTORS 



I 



-4002 



low.y = POSITION OF LEFT-HAND PEAK IN ROW VECTOR 
high_y = POSITION OF RIGHT-HAND PEAK IN ROW VECTOR 
low_x = POSITION OF LEFT-HAND PEAK IN COLUMN VECTOR 
high.x = POSITION OF RIGHT-HAND PEAK IN COLUMN VECTOR 



-4003 



I 



SET PIXEL COORDINATES OF FEATURE (0, 0) = (low.x, low y) 
SET PIXEL COORDINATES OF FEATURE (0, moxColumn) = (low x, high y) 
SET PIXEL COORDINATES OF FEATURE (moxRow, 0) = (high x, low yl 
SET PIXEL COORDINATES OF FEATURE (moxRow, moxColumn) = (high.x, high.y) 



-4004 



I 



FOR EACH 
CORNER FEATURE 



-4005 



REFINE 
FEATURE COORDINATES 



•4007 
'ANOTHER^^ YF c 
CORNER FEATURE 

9 




-4006 



Fig. 40 
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f ESTABLISH ^ 
V GRID J 



USE CORNER FEATURE 
COORDINATES TO 

CREATE RECTILINEAR 
INDEXING OF ALL 
FEATURES 



Fig. 41 



-4101 



FOR EACH FEATURE 



-4102 



SET FEATURE 
COORDINATES 
ACCORDING TO 
RECTILINEAR INDEXING 



-4103 



REFINE FEATURE 
COORDINATES RED 



-4104 



4111 



REFINE FEATURE 
COORDINATES GREEN 




4110 



SET FEATURE 
COORDINATES 
TO SAVED RED 
COORDINATES 



4113 



A. 



LINEAR REGRESSION 
ANALYSIS 




f ,-41 06 



SAVE RED 
COORDINATES 



r-41 07 



REFINE FEATURE 
COORDINATES GREEN 



4108 




4112 




,-4109 



SET FEATURE 
COORDINATES 
TO AVERAGE OF 
RED k GREEN 
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